INTRODUCTION
Articular cartilage damage is an increasingly relevant problem, further enhanced with the aging population. In the U.S., 70 million adults have arthritisrelated conditions; this leads to increasing annual costs, which are estimated to reach $100 billion by 2020 [1, 2] . Restorative treatments to achieve biological repair remain a challenge [3] . Surgical intervention is reserved for patients with severe degenerative diseases and those in whom pharmacologic and lifestyle interventions fail; such patients usually require total joint replacement with articular prosthesis [4] [5] [6] [7] . The idea of artificial cartilage has become greatly attractive because of the lack of grafts and the high demand for such a product in clinical practice [8] . Regenerative medicine could point the way toward an innovative solution. A foundational principle of regenerative medicine is creating an environment where progenitor cells are able to develop functional tissue in order to replace those lost because of traumas or diseases [9] . Many regenerative medicine strategies use biomaterials to provide mechanical stability and support cell adhesion and migration [10] . Aside from these properties, a regenerative biomaterial should also fulfill multiple other requirements, including modulation of the initial inflammatory response to injury. The immune reaction to a biomaterial implant begins with an acute inflammatory response with innate recognition of foreign materials, which can eventually lead to the rejection of the implant [11] or induce additional tissue damage [12] . In both cases, chronic inflammation impedes the natural repair processes led by local progenitor and mature cells.
The development of strategies that harness the beneficial aspects of the immune response while limiting their potential deleterious effects enhances tissue regeneration, especially in those tissues, such as cartilage, in which the process of regeneration remains challenging [13] . In particular, when cartilage is damaged, its avascularity prevents the cascade that occurs in normal tissue and the dense extracellular matrix (ECM) impairs the migration capacity of the resident chondrocytes [14] [15] [16] . These are the two major limitations to the cartilage regeneration. Within cartilage ECM, collagen is the most abundant protein component [17] , and it has been used as a natural biomaterial for different tissueengineering applications [6, [18] [19] [20] [21] [22] [23] [24] .
The other major component of cartilage is represented mainly by aggrecan, a large proteoglycan composed of many glycosaminoglycans [25] . Among these, chondroitin sulfate (CS) is one of the most represented [26] . Proteoglycans play a crucial role in intercellular communications that regulate important physiological processes, including growth factor retention, cellular adhesion/ proliferation support, differentiation induction, and provision of mechanical properties [27, 28] . Because of its intrinsic stability and low immunogenicity in comparison with most ECM proteins, aggrecan (specifically CS) plays an important role in inflammation and immunity [29] [30] [31] [32] [33] [34] [35] [36] . Both in vitro and in vivo studies have shown that CS itself regulates the formation of new cartilage by stimulating the chondrocyte synthesis of collagen, proteoglycans, and hyaluronan [37, 38] .
Altogether, these features make CS a material of choice for cartilage tissue engineering [28, 39] . To date, CS has been immobilized onto different surfaces to exploit its role in recreating the chondrogenic niche in vitro, and potentially in vivo [40] [41] [42] . Despite the advancements in material development, the immunosuppressive potential of this biomimetic material have not been investigated in depth. Understanding the capability of a biomaterial to support adhesion, proliferation, and differentiation of progenitor cells is crucial to restore functional tissue.
This applies particularly to mesenchymal stem cells (MSCs), which contribute to tissue homeostasis via release of bioactive molecules at sites of tissue damage. MSC secrete trophic factors that act as anti-inflammatory immune modulators [43, 44] , thus enhancing tissue repair [45] . MSCs exhibit multipotent capability [46] and have been extensively investigated in regenerative medicine applications [47] [48] [49] , as well as in combination with scaffolds [50] . Despite extensive research on cartilage tissue engineering, few products have been translated to clinical practice, and an effective engineered clinical therapy is lacking [18] .
In this study, we propose a collagen-based scaffold functionalized with CS to mimic the chondrogenic niche while modulating inflammation. In addition to describing the proposed material in terms of composition, swelling, degradation, and mechanical properties, we evaluated the effect of our biomaterial to support the capability of MSCs to exert therapeutic effects, with particular emphasis on their potential to actively respond to an inflammatory environment [51] . Using rat bone marrow-derived MSCs as surrogate local progenitor cells, we investigated the influence of a chondrogenic environment in retaining the immunosuppressive potential of MSCs, either in response to a proinflammatory cytokine (tumor necrosis factor-a [TNF-a]) or in the presence of stimulated peripheral blood mononuclear cells (PBMCs).
We confirmed the capability of CS crosslinked onto a collagenbased scaffold (CSCL) to reduce inflammation in vivo by evaluating lymphocytic infiltration upon subcutaneous implantation in rodents. We also assessed the potential of the proposed platform to drive chondrogenic and osteogenic differentiation of MSCs.
MATERIALS AND METHODS

Scaffold Preparation
Collagen scaffolds were fabricated with the freeze-dry technique previously reported. Briefly, we prepared an acetic collagen slurry (40 mg/ml), which was precipitated to a pH of 5.5 with NaOH (1.67 mM). The slurry was wet crosslinked in an aqueous solution of 1,4-butanediol diglycidyl ether (2.5 mM) at 4°C for 24 hours. Finally, the slurry was washed with Milli-Q water scaffolds (EMD Millipore, Darmstadt, Germany, http://www.emdmillipore. com) and prepared through a freeze-drying process. Chondroitin sulfate (Carbosynth, Berkshire, U.K., http://www.carbosynth. com/) was added to the collagen solution at a weight molar ratio of 10:1 (CL:CS). After thorough mixing, the final slurry was poured onto a 24-well plate and freeze-dried. CSCL was crosslinked for 4 hours at 37°C by using 50 mM 2-(N-morpholino)ethanesulfonic acid, 5 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and 5 mM N-hydroxysuccinimide. CSCL scaffolds were then rinsed twice for 1 hour with 0.1 M disodium phosphate and 6 times for 24 hours with 2 M sodium chloride; finally, they were rinsed with distilled water to remove residual EDC. Scaffolds were air-dried and sterilized by ultraviolet irradiation for 4 hours under a laminar flow hood.
Scaffold Characterization
Scaffolds were dehydrated by treatment with a grade of ethanol solutions (30%, 50%, 75%, 85%, and 95% for 2 hours each) and placed overnight in a dryer at room temperature before being coated by 7 nm of Pt/Pl for scanning electron microscope (SEM; Nova NanoSEM 230, FEI, Hillsboro, OR, http://www.fei.com) examination. The pore diameter of scaffolds was measured from SEM images, and 6 images were used for each scaffold at the same magnitude. For each image, 20 different pores were randomly selected and their diameters were measured by using ImageJ software (National Institutes of Health, Bethesda, MD, http://imagej.nih.gov/ij). To determine the porosity (P) of the scaffolds, we used a capillary method previously reported [52] . The volumes of the scaffolds (Vs) were calculated from the scaffold geometry (length, width, and height). The volume of pores (Vp) was calculated by an ethanol infiltration method using Equation 1:
where We is the weight of the scaffold after ethanol incubation, W0 is the weight of the dry scaffold, and re is the density of the ethanol (0.789 mg×ml 21 ). The porosity of the scaffolds was calculated according to P = Vp/Vs 100%. The apparent density of the scaffolds was defined as W0/Vs.
Mechanical Characterization
The elastic properties of the scaffolds were evaluated with atomic force microscopy (AFM) by extracting the Young's modulus from 
In Equation 2, F is the force applied by the cantilever tip to the scaffold (5 nN), E is the Young's modulus (fit parameter), y is the Poisson ratio (0.5), and R is the radius of the indenter (i.e., of the cantilever tip; 20 nm). Only force curves with a goodness of fit to Equation 2 between 0.85 and 1 were considered. Data distribution and statistical analysis were performed using Mathematica 9.0 (Wolfram, Champaign, IL, https://www.wolfram.com) and Minitab, v.14.1 (Minitab Inc., State College, PA, https:// www.minitab.com) [53] . Normality was evaluated by using the Anderson-Darling (AD) test, with p # .005 used as a threshold for significance.
Fourier Transform Infrared Spectroscopy
The samples were analyzed in attenuated total reflection (ATR) mode at 2 cm 21 resolution 256 times over the range of 500-4,000 cm 21 using a Nicolet 6700 spectrometer (ThermoFisher Scientific, Waltham, MA, http://www.thermofisher. com). The ATR/Fourier transform infrared spectroscopy (FTIR) spectra were reported after background subtraction, baseline correction, and binomial smoothing (11 points) [54] .
Thermal Gravimetric Analysis and Differential Scanning Calorimetry
Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed using a TGA/DSC simultaneous thermogravimetric analyzer (Q600, TA Instruments, New Castle, DE, http://www.tainstruments.com). Ten milligrams of each sample were placed in alumina pans and analyzed through a heating ramp ranging from 25°C and 400°C at 10°C/minute. Data were analyzed through the TA Universal Analysis software (TA Instruments).
Degradation Studies
Three scaffolds for each time point (2, 7, and 21 days) were incubated in 10 ml phosphate-buffered saline (PBS) with or without 10 mg/l hen egg white lysozyme (46,400 U/mg). The enzymatic solution was replaced weekly by freshly prepared solutions. Samples were dehydrated by using a graded series of alcohol, dried in vacuum for 8 hours before weight determination.
Swelling Measurements
To determine the swelling property of CL and CSCL, five completely dried scaffolds were weighted (Wd) and afterward incubated in PBS at 37°C. The hydrated scaffolds were taken out at the determined time points, wiped superficially with a filter paper to remove the surface water, and weighed (Ww). The uptake ratio was defined as percentage swelling, as in Equation 3.
Cell Culture
MSCs were isolated from rat bone marrow as previously reported for mice [55] . Cultures were established in standard media constituted by high glucose-Dulbecco's modified Eagle medium (HG-DMEM) supplemented with 15% fetal bovine serum, 1% penicillin (100 UI/ml)-streptomycin (100 mg/ml), and 0.25 mg/ml amphotericin B. For maintenance of cultures, cells were plated at a cell density of 7 3 10 3 cells per cm 2 and incubated at 37°C in a humidified atmosphere (90%) with 5% CO 2 . Medium was changed twice per week thereafter or according to the experiment requirements. Adherent cells were detached and subcultured using TrypLE Express (Invitrogen, ThermoFisher Scientific) before reaching confluence (80%) and subsequently replated for culture maintenance. When seeded onto scaffolds, MSCs were harvested and resuspended in cell culture medium. A 30-ml drop of medium containing 300,000 cells was seeded on the center of each scaffold (CL and CSCL) and kept in an incubator for 30 minutes. Culture medium was then added to each well.
Assessment of MSC Attachment, Spreading, and Viability
Three days after seeding, cells were stained using fluorescent DRAQ5 and captured on a confocal laser microscope (A1 Confocal Microscope, Nikon Instruments, Melville, NY, https://www. nikoninstruments.com) to evaluate their spreading on the scaffolds. Cell spreading on CL and CSCL was calculated on the basis of the auto fluorescence of the collagen detected at 358/461 nm. The surface area covered by cells on the scaffolds was measured and compared with the control, represented by collagen-based scaffolds (NIS-Element, Nikon Instruments). The number of cells per surface area of the collagen-based scaffolds was calculated through an automated counting tool of the software. To evaluate the effect of the CS on cell organization and distribution, the mean distance between cell nuclei was also measured.
Cell proliferation in the scaffolds was evaluated by Alamar Blue assay (Invitrogen, ThermoFisher Scientific) according to manufacturer's instructions during a 6-day period. Optical density was measured at wavelengths of 570 and 600 nm. Because the culture medium was not changed during this period, the calculated percentage of Alamar blue reduction (%AB) is a cumulative value. Data are shown as mean of 3 independent biological replicates. Values are reported as %AB over time, which is associated with the presence of metabolically active cells. For comparison, data obtained from MSCs grown in two-dimensional conditions (2D MSCs) are also reported. To confirm cell viability and visualize viable cells within the scaffold, MSCs were stained using a fluorescent Live-Dead Viability Assay (Molecular Probes, ThermoFisher Scientific, Eugene, OR) according to the manufacturer's instructions on day 3.
Immunosuppressive Potential of MSCs
To evaluate the efficacy of the platform in helping MSCs retain their immunosuppressive potential, cells were seeded onto CL and CSCL scaffolds and cultured for 24 hours at 37°C before biomolecule stimulation. Stimulation was performed using rat recombinant TNF-a (PeproTech, Rocky Hill, NJ, https://www. peprotech.com) at a concentration of 10 and 50 ng/ml for 48 hours, as previously reported [56] . Cells cultured in 2D conditions, whether stimulated or not, were used as reference. At 48 hours, the activated supernatant and the cells were harvested from the cultures, filtered, and stored at 280°C. After stimulation, the prostaglandin level was measured in cell culture supernatants using a prostaglandin E 2 (PGE 2 ) enzyme immunoassay kit (Cayman Chemical Co., Ann Arbor, MI, https://www.caymanchem.com) according to the manufacturer's protocol. The presence of nitric oxide (NO) in the culture supernatants was measured by using a nitric oxide (total) detection kit (Enzo Life Sciences, Farmingdale, NY, http://www.enzolifesciences.com) following the manufacturer's instructions. The levels of PGE 2 and NO released from stimulated MSCs seeded onto CL and CSCL were compared with those produced by unstimulated cells grown onto CL or CSCL, respectively.
Testing Proliferation of Peripheral Blood Mononuclear Cells
Rat PBMCs were obtained from heparinized whole-blood samples by using density gradient centrifugation (Lymphoprep, AxisShield, Oslo, Norway, http://www.axis-shield-density-gradientmedia.com/) following the manufacturer's instructions. PBMC proliferation was induced by stimulating cells with 2% phytohemagglutinin (PHA; Sigma-Aldrich, St. Louis, MO, http://www. sigmaaldrich.com) in a final HG-DMEM complete media. The effect of MSCs grown onto scaffolds (CL or CSCL) on T lymphocyte proliferation was determined in a cell-cell contact setting with MSCs and PBMCs plated at a 1:10 ratio. Twenty-four hours after seeding the MSCs onto CL and CSCL, PBMCs were stained with BD Horizon Violet Cell Proliferation Dye 450 (VPD450; BD Biosciences, San Jose, CA, http://www.bdbiosciences.com) for 10 minutes, washed in PBS, and cocultured. PBMC proliferation was assessed by flow cytometry after 3 days of culture.
In Vivo Studies
Adult Lewis rats (n = 3; Charles River Laboratories, Houston, TX, http://www.criver.com/) were used for in vivo validation studies. All animals were maintained and used in conformity with the guidelines established by American Association for Laboratory Animal Science, and all procedures were approved by the Houston Methodist Institutional Animal Care and Use Committee. Rats received appropriate preoperative analgesia with weight-based subcutaneously injected buprenorphine and carprofen. Induction and maintenance anesthesia was provided using inhaled isoflurane gas, and the dorsum of each animal was shaved from shoulder to hock. Under sterile technique, three skin incisions were made on both sides of the dorsal midline of each animal and the premuscular, avascular subcutaneous plane was developed by using blunt dissection. Into each subcutaneous pocket was placed a 1-cm diameter, 0.3-cm thick scaffold (left side, CL; right side, CS), and all incisions were closed with wound clips. Postoperatively, rats were housed in individual cages, given food and water ad libitum, and kept on a 12-hour light/dark schedule in typical fashion. Twenty-four hours after implantation, animals were humanely euthanized and scaffold specimens were harvested and kept for further analyses.
Histological and Immunohistochemical Analysis
After euthanasia, the implants with surrounding tissue were removed, immersed in 10% buffered formalin phosphate solution for 48 hours, and then embedded in paraffin. Sections were then dewaxed in an incubator for 30 minutes at 60°C before the histological and immunohistochemical stainings were performed. For both assays, 10-mm-thick sections were deparaffinized twice in fresh xylene for 15 minutes and rehydrated sequentially with decreasing ethanol concentrations (100%, 95%, 90%, 80%, and 70%) and distilled water (15 minutes for each step). For histology, Masson's trichrome staining (Abcam, Cambridge, U.K., http://www. abcam.com) was used. For the immunohistochemistry, slides were pretreated using a standard cycle of pressure cooker to unmask epitopes in antigen retrieval solution (0.1 M sodium citrate, pH 7.2). Pretreated slides were blocked for 1 hour at room temperature with 10% normal goat serum and then incubated at 4°C overnight with anti-CD3 antibody (ab5690 abcam). Slides were then washed three times in PBS and finally mounted with ProLong Gold Antifade Reagent With DAPI (Invitrogen, ThermoFisher Scientific). Slides were stored at 4°C in the dark until imaging was performed by a Nikon histological microscope.
Flow Cytometric Analysis
To quantify the percentage of infiltrating immune cells at 24 hours from implantation, scaffolds were digested with collagenase I (2 mg/ml) (Life Technologies, ThermoFisher Scientific). Cell suspensions were filtered through 70-mm nylon mesh filters (BD Biosciences) to remove cell clumps and scaffold debris, spun at 500 g for 5 minutes, and fixed with 70% ethyl alcohol, and washed with fluorescence-activated cell sorting buffer (bovine serum albumin 0.1%). The percentage of CD45-positive cells was determined by using the PE-Cy7 directly conjugated mouse antirat CD45 antibody (Pharmingen, BD Biosciences). A minimum of 20,000 events per sample was analyzed using a BD LSR Fortessa cell analyzer (BD Biosciences). Post hoc data analysis was performed by using FCS Express (De Novo Software, Glendale, CA, https://www. denovosoftware.com/).
Chondrogenic and Osteogenic Induction and Assessment
The potential of CSCL to induce MSC differentiation toward the chondrogenic and osteogenic lineages was evaluated during a 21-day period in vitro. MSCs at passage 3 were seeded onto scaffolds (CL and CSCL) at a density of 10,000/cm 2 . Cells on scaffolds were exposed to chondrogenic (StemPro Osteogenesis Differentiation Kit, Gibco, ThermoFisher Scientific) or osteogenic (StemPro Chondrogenesis Differentiation Kit) media, respectively, or maintained in standard media. In both cases, medium was changed every 3 days during a 21-day period. After 21 days in culture, differentiation was confirmed by chondrogenesis-and osteogenesis-associated gene analysis. Osteogenic differentiation was also assessed by quantifying the calcium deposited by using a commercial QuantiChrom Calcium Assay Kit (DICA-500; BioAssay Systems, Hayward, CA, https://www.bioassaysys.com), in accordance with the manufacturer's instructions.
Gene Expression Analysis
Total RNA was isolated from cells grown on scaffolds by homogenization in 1 ml of Trizol reagent (Life Technologies, ThermoFisher Scientific) with a PowerGen 125 tissue homogenizer (ThermoFisher Scientific) and according to the manufacturer's instructions. For each sample, RNA concentration and purity were measured using a NanoDrop spectrophotometer (ND1000, NanoDrop, ThermoFisher Scientific). Treatment with DNAse (Sigma-Aldrich) was performed to avoid DNA contamination. cDNA was synthesized from 1 mg of total RNA using a Taqman Reverse Transcription reagents kit (Applied Biosystems, ThermoFisher Scientific, Branchburg, NJ). Amplifications were set on plates in a final volume of 10 ml and carried out using TaqMan Fast Advanced Master Mix (Applied Biosystems, ThermoFisher Scientific). The following target probes (Applied Biosystems, ThermoFisher Scientific) were used to evaluate the expression of the following markers.
Specific Lineage-Associated Markers
These markers included osteocalcin (Bglap; Rn00566386_g1), osteopontin (Spp1; Rn01449972_m1), and alkaline phosphatase (Alp; Rn01516028_m1) expression for osteogenesis and the SRYrelated high-mobility group box transcription factor (Sox9; Rn01751069_mH), type 2 collagen (Col2a1; Rn01637087_m1), and aggrecan (Acan; Rn00573424_m1) for chondrogenesis.
Immunosuppression-Associated Markers
These markers included prostaglandin E synthase (Pges; Rn00572047_m1), cyclooxygenase-2 (Cox-2; Rn01483828_m1), inducible nitric oxide synthase (iNos; Rn00561646), and transforming growth factor-b (Tgf-b; Rn00572010_m1).
In Vivo Lymphocyte Apoptosis-Associated Markers
These markers included chemokine receptor type 5 (Ccr5; Rn00588629_m1), C-X-C chemokine receptor types 2 (Cxcr2; Rn02130551_s1) and 12 (Cxcl12; Rn01462853_m1), FAS ligand (Faslg; Rn00563754_m1), and interleukin-3 (IL-3; Rn01646318_g1).
Normalization of Data
Gene expression was normalized to the level of glyceraldehyde 3-phosphate dehydrogenase (Gapdh; Rn01775763_g1). For differentiation, data were compared with a control of cells cultured on CL scaffolds. For immunosuppression, values were normalized to those obtained from their respective control groups (unstimulated cells). Gene expression performed on ex vivo samples was evaluated compared with subcutaneous tissues with no inflammation (baseline).
Statistical Analysis
Statistical analysis was performed by using GraphPad Instat 3.00 for Windows (GraphPad Software, La Jolla, CA, http://www. graphpad.com/). Three replicates for each experiment (cell proliferation and distribution, gene expression, calcium deposition, PGE 2 and NO quantification assays, and PBMC test) were performed, and the results are reported as mean 6 SD, with p # .05 used as a threshold for significance. One-way analysis of variance for multiple comparisons by the Student-Newman-Keuls multiple comparison test was used. Figure 1A shows CL and CSCL scaffolds. The porous structure of scaffolds after freeze-drying has been determined by SEM imaging (Fig. 1A) . The overall microstructure of all samples showed interconnected pores with boundaries that are defined by sheet-like structures of dense afibrillar collagen (CL) or more fibrillar collagen (CSCL). At higher magnification, it is clear that the presence of chondroitin sulfate imparts a more fibrous substructure. The copolymer CSCL has more widely interconnected pores, with mean diameters of 74 6 11 mm, in comparison with bare collagen (CL), with a pore diameter of 62 6 4 mm. CL presented a porosity of 81% and CSCL showed an overall higher porosity of 89%, as determined by capillary method. Figure 1B shows the average FTIR spectra of CL and CSCL. The vibration peak at approximately 1,400 cm TGA-DSC analysis assessed the actual link between CS and collagen by evaluating CSCL degradation and transitions compared with those of CL (Fig. 1 C) . In particular, the DSC analysis evidenced substantial differences between CSCL and CL. Both materials underwent an endothermic reaction around 100°C (evaporation of the water moisture present in the material). Significant differences in the thermal transitions between CSCL and CL happened after 200°C of the heating ramp. Compared with CL, CSCL presented an exothermic transition at 259.42°C, corresponding to the degradation of the polysaccharide. TGA showed the presence of 7.4 wt% of CS in the CSCL sample. The swelling of CSCL scaffolds was significantly higher than that of the CL scaffold (Fig. 1D) , mainly because of the slightly higher porosity and the presence of chondroitin sulfate, which allow it to retain its natural sponge effect as a result of its negative charge [57] . Finally, scaffold degradation kinetics was performed through lysozyme-containing PBS. Although neither scaffold incubated in PBS alone showed significant weight changes after the first 21 days, CL scaffolds incubated in lysozyme showed weight reduction after 7 days and a weight loss of almost 50% at the final time point. CSCL showed a lower degradation kinetic. The last time point showed a 72% weight loss.
RESULTS
Scaffold Characterization
AFM analysis was performed on CL and CSCL to evaluate the elastic properties of both scaffolds (Fig. 1F) . A total of 1,305 and 991 Young's modulus values were considered on CL (blue bars in Fig. 1F ) and CSCL (red bars in Fig. 1F ), respectively. In CL, the data spread consists of 0.014-74.1 MPa, with 89% of the data population clustered below 5 MPa, where a distribution trend is clearly visible. With a distribution that is significantly different from normal (AD p , .005), a median value of 1.36 6 1.12 MPa was observed. CSCL data (red bars in Fig. 1F ) presented a spread between 0.048 and 186 MPa, with two thirds of the data points organized in two distributions at low values (,3.15 MPa), whereas a third presented no visible trend, with values ranging from 3.15 to 186 MPa. The median value of the first distribution was 0.64 6 0.32 MPa, whereas the second peak, normally distributed (AD p = .005), had a median of 2.19 6 0.42 MPa. Direct comparison of CL and CSCL distributions suggests that CS functionalization results in the introduction of two clearly distinct populations of mechanical properties compared with CL scaffolds. Both stiffness distributions in CSCL comprise a similar number of values; therefore, it is possible that they are similarly represented in the CSCL structure.
Cell Viability, Morphology, and Distribution
As revealed by confocal microscopy after 4 days of culture, cells infiltrated into the scaffold pores and covered 37.73% of the collagen surface in CL and 25.09% in CSCL scaffolds ( Fig. 2A, lower  magnification) . Whereas in CL the cells organized in threedimensional (3D) structures, in CSCL they aligned along the collagen fibers and distributed themselves homogeneously ( Fig.  2A, higher magnification) . By measuring the distance between the nuclei, we calculated that the cells were equidistant in CL and CSCL (26.74 6 4.07 vs. 22.54 6 5.53, respectively). The Live/Dead Assay demonstrated similar cell viability between CL and CSCL, which was assessed at approximately 99% (Fig. 2C) . Alamar blue assay demonstrated that both CL and CSCL supported metabolically active cells growth during a period of 6 days (Fig. 2D) .
Immunosuppressive Potential
To test the efficacy of the proposed material to help MSCs retain their immunosuppressive potential, cells grown onto CSCL and CL scaffolds were stimulated with the proinflammatory cytokine TNF-a (at the concentration of 10 and 50 ng/ml) for 48 hours. The secretion of immunosuppressive molecules did not increase when cells were stimulated with the lowest dose of TNF-a (10 ng/ ml), nor was there a statistically significant difference in comparison with cells grown in 2D cultures under standard conditions (data not shown). The levels of PGE 2 released by cells grown in CSCL were decreased compared with CL in standard media (p , .01); although both CL/CSCL released significantly more PGE 2 than their 2D controls when stimulated, these values when stimulated were both near 1,500 pg/ml and did not differ significantly from one another (Fig. 3A) . Compared with the unstimulated cells, Pges expression was 25-6 7-fold higher in CSCL, with only a 2-increase in CL (Fig. 3C) .
No significant differences were noted between the levels of NO produced in CSCL and CL in the absence of stimulation (Fig.  3B) . In response to TNF-a stimulation, however, cells grown onto CL produced nearly identical amounts of NO compared with those cultured in 2D and standard conditions, whereas cells grown onto CSCL scaffolds released significantly higher amounts (p , .01) (Fig. 3B) . Concomitantly, a significant increase in the expression of iNos (6.07 6 0.25) was observed in comparison with 2D MSC and CL: 2 6 0.35 and 2.89 6 0.29, respectively. A similar trend in molecular upregulation was seen for Cox2 and Tgf-b as well.
Stimulated cells produced a 13-6 0.35-fold and 3.8-6 0.04-fold increase in Cox-2 expression at 48 hours in CSCL and CL, respectively. Tgf-b expression did not significantly differ between CL and 2D MSCs but was greatly increased in CSCL (13 6 0.5). Consistent with these previous findings, when their immunosuppressive potential was evaluated in a lymphocyte reaction assay, both CL and CSCL inhibited the proliferation of PHA-stimulated PBMCs after 3 days of coculture. However, as shown in Figure 3D , the inhibitory effect was greater in MSCs grown onto CSCL scaffolds compared with CL, showing a 42% decrease in PBMC proliferation; in contrast, it was approximately 23% in CL.
In Vivo Studies
We further examined the immunosuppressive effect of CSCL and CL in vivo. Animals did not experience complication from the surgical operation. Histologically stained sections reveal that after 24 hours infiltration of immune cells were reduced in CSCL compared with CL (Fig. 4A) . Flow cytometric analysis revealed a five-fold decrease in the percentage of CD45-positive cells in CSCL than CL (Fig. 4B) . These data were confirmed by immunohistochemistry, which showed a negligible presence of CD3+ cells inside the CSCL in comparison with CL (Fig. 4C) . Among the genes studied, those associated with inflammatory cell apoptotic processes (Cxcr2, Cxcl12, Faslg, and IL-3) were significantly (p , .01) increased in CSCL (Fig. 4D ).
Osteogenic and Chondrogenic Differentiation
The osteogenic and chondrogenic potential of our scaffolds was assessed during a 21-day period. MSCs on scaffolds were exposed to chondrogenic media or kept in standard media. The highly upregulated expression of specific chondrogenesis-associated genes, such as Sox9, Acan, and Col2a1 (Fig. 5) confirmed that differentiation toward the chondrogenic lineage in both uninduced and induced cells grown in CSCL occurred. In particular, the expression of the transcription factor Sox9 was increased 4.12-6 0.04-fold when cells were cultured onto CSCL scaffolds without the addition of any supplement in the media compared with CL. It reached higher values when cells were properly induced with the chondrogenic media (8.97 6 0.34). Accordingly, compared with cells grown onto CL scaffolds, Acan expression increased 3.06-6 0.21-fold when the CS was crosslinked to the collagen in total absence of chondrogenic supplements and increased to 4.06 6 0.18 when properly induced. Accordingly, Col2a1 expression was found 5.43-6 0.52-fold higher in CSCL compared with CL, but this value did not change when media was supplemented with chondrogenesis-inducing factors.
In the absence of osteogenic media, CSCL scaffolds did not show any osteogenic potential. However, the synergistic action of the CSCL scaffold structure and the inducing media did exhibit a significantly enhanced osteogenic effect induced as confirmed by the upregulation of specific osteogenesis-associated genes (Fig. 6A) . After induction, alkaline phosphatase (Alp) expression increased 2.35-6 0.18-fold in cells grown on CSCL compared with CL. Similarly, Bglap expression was 4.5 6 0.23 times increased in CSCL, whereas the expression of osteopontin (Spp1) was only 1.89-6 0.07-fold higher in comparison with cells grown on CL scaffolds. When induced, the two experimental groups showed a 3-fold increase in the concentration of minerals deposited in the media, without any statistically significant differences between the groups (Fig. 6B) .
DISCUSSION
The extracellular matrix is the key factor in maintaining homeostasis of a normal tissue because it helps resident cells in several specific functions, including adhesion, migration, proliferation, and differentiation [58] . An effective biomaterial-based regenerative strategy requires not only the matching of tissue-specific and absence (PBMC) of PHA is also reported. Data represent the mean 6 SD of three independent experiments. Asterisks depict highly significant (pp, p , .01) and significant (p, p , .05) differences compared with stimulated PBMCs. Abbreviations: 2D MSC, two-dimensional mesenchymal stem cell; CL, collagen scaffold; CSCL, chondroitin sulfate crosslinked onto a collagen-based scaffold; CTRL, control; MSC, mesenchymal stem cell; PBMC, peripheral blood mononuclear cell; PGE 2 , prostaglandin E 2 ; PHA-PBMC, phytohemagglutinin peripheral blood mononuclear cell; TNF-a, tumor necrosis factor-a. structural and functional cues but also the control of the host immune response to the biomaterial of choice [59] . In particular, in the case of trauma or degenerative inflammatory diseases, cartilage tends to progressively degrade because of the low regenerative capacity of the natural tissue. To solve this issue, several tissue-engineered approaches using biopolymeric scaffolds that mimic the ECM of cartilage have been explored [40] [41] [42] so far, although none of them has proven capable of conquering the subsequent host immune response. With this in mind, we sought to develop a biomaterial that can fine-tune the inflammatory response after implantation and at the same time recapitulate the chondrogenic niche.
Because of the proven immunomodulatory properties of CS [33] and the fact that it is one of the most represented components of cartilage [60] , we integrated CS into a collagenbased scaffold to create a desirable environment for MSC to exert Quantitative polymerase chain reaction for the expression of genes involved in inflammatory cell apoptotic processes (Cxcr2, Cxcl12, Faslg, and IL-3). Data are represented as fold-change compared with the expression levels found in subcutaneous tissues with no inflammation (baseline) (n = 3; pp, p , .01; p, p , .05). Abbreviations: au, arbitrary unit; CL, collagen scaffold; CSCL, chondroitin sulfate crosslinked onto a collagen-based scaffold; DAPI, 49,6-diamidino-2-phenylindole; FSC-A, forward scatter pulse area; SSC-A, side scatter pulse area. their protective and regenerative effects. MSCs hold an inherent immunoregulatory potential and elicit immunosuppressive effects in several situations [43] ; they are able to interfere with a variety of immune cell functions (i.e., cytokine secretion and cytotoxicity of T and NK cells, B cell maturation and antibody secretion, dendritic cell maturation and activation, and well as antigen presentation) by means of direct cell-to-cell interactions or soluble factor secretion, such as NO and PGE 2 [61] . In this scenario, we exposed MSCs grown onto CL and CSCL to a proinflammatory environment to evaluate the capability of the system to help MSCs retain their immunosuppressive effect without inducing a material-dependent stress.
When activated, MSCs on CSCL more vigorously reacted to stimulation with TNF-a (50 ng/ml). A marked accumulation (p , .01) of NO was observed only when cells were cultured onto CSCL scaffold, whereas CL alone was essentially noninducible for NO release. In addition, although the absolute levels of PGE 2 upon induction were similar between CL and CSCL, the percentage change baseline was significantly increased in CSCL because it released much lower basal levels of PGE 2 (p , .05). Interestingly, the basal levels of PGE 2 found in CSCL were even lower than those observed in CL (p , .05). This suggested that the environment created by CSCL resulted in less stress for cells that need to be activated to exert their immunomodulation potential, mainly because of the architecture, composition, and mechanical properties of the material, which are different between CL and CSCL. These data were corroborated by the significant increase in the expression of iNos, Pges, Cox-2, and Tgf-b. Because the production of such molecules ultimately leads to the inhibition of T cell proliferation [62, 63] , we confirmed the preliminary observations testing the effect of CSCL in supporting the inhibition of PHA-stimulated PBMC proliferation in a cell-cell contact assay. The functional study confirmed the greater immunosuppressive potential of MSCs grown onto CSCL yet suggested a lower immunogenic capability of MSCs when CS is not included in the system.
To further validate our in vitro results, we evaluated the immunosuppressive nature of CSCL scaffold via implantation in a subcutaneous model in vivo. As revealed by histological staining and immunofluorescence, infiltration of CD3+ cells at 24 hours was lower in CSCL than CL, thus confirming the intrinsic immunosuppressive effect of the proposed CSCL scaffold. Flow cytometric analysis quantifiably supports the histological trend showing a significant reduction in the percentage of CD45+ cells (including precursor cells and mature lymphocytes, granulocytes, and dendritic cells), passing from 50% 6 16.97% in CL to 4.5% 6 0.28% in CSCL. We can hypothesize that the reduced number of CD3+ cells observed in CSCL compared with CL is a relative decrease. In fact, it could be mainly due to the different process activated by CS, together with the architecture provided to the scaffold by its presence, and its ability able to exert its anti-inflammatory effect by recruiting a functionally different cell population compared with bare CL.
To better understand the mechanisms involved in such a reduction, we analyzed some of the genes associated with a diminished proinflammatory cascade, leading to the recruitment of less inflammatory cells in the area of the implant. Our data confirmed the supposed immunosuppression mediated by the material itself because a greater upregulation of those genes was revealed by quantitative PCR when CSCL was implanted.
After establishing the immunomodulatory properties of our CSCL scaffold, we examined its proficiency in driving chondrogenic and osteogenic differentiation of naïve MSCs. Specifically, we tested the ability of our system to recreate the stimuli found in the chondrogenic niche. We observed that the CS cross-linking to the collagen provided MSCs with mechanical and biochemical cues required to induce spontaneous differentiation toward the chondrogenic lineage. Without the requirement of external influence from differentiative medium, MSCs grown on CSCL for 21 days expressed high levels of chondrogenesis-associated genes. In particular, the Sry-related high-mobility group box transcription factor (Sox9) is an early marker whose expression regulates the rate of chondrocyte differentiation by controlling the expression of specific genes (type 2 collagen [Col2a1] and aggrecan [Acan]) [64] .
The same phenomenon was not witnessed in control CL scaffolds, suggesting that the CS immobilized to our CSCL scaffold is necessary and could be sufficient for such cellular differentiation. The expression profile observed was similar to or even greater than that found when cells were chemically induced with commercial differentiation medium (data not shown).
Data obtained are consistent with prior literature, confirming the capability of CS to enhance chondrocyte proliferation and maturation [65] [66] [67] . As suggested by the FTIR spectra, chondrogenesis was likely achieved because of the biomimetic ultrastructure of the CSCL; it was similar to that seen in natural aggrecan [68] . As mentioned previously, aggrecan is considered the constituent molecule of support tissues and, together with collagen fibers, contributes to the cohesion and improved mechanical features of cartilage [60] .
The functionalization of our collagen-based scaffold with chondroitin sulfate, as well as the crosslinking procedure, verified by TGA, DSC, and FTIR, did slightly affect the porosity and the mechanical features of the material. Porosity is considered a key factor in the success of regenerative biomaterial tissue integration because it allows for the proper organization of cells seeded/ infiltrating into the scaffold [24] .
MSCs grown onto CSCL aligned along the pores in the threedimensional scaffolds, whereas those seeded onto CL scaffold appeared to form clusters, thus revealing a higher degree of cellular adhesion to the microenvironment provided by CSCL that is crucial for cytoskeletal organization and cell specification [69, 70] . In addition, MSCs grown on CSCL showed higher numbers of vesicles, hypothesized to be relevant for an enhanced cell-cell communication activity. In fact, extracellular vesicles have important roles in the regulation of the crosstalk between MSCs and immune cells, mediating their inflammatory stimulation or suppression together with freely secreted molecules [71] . Addition of chondroitin sulfate increases stiffness heterogeneity in CSCL scaffolds, with two regions with lower and higher stiffness compared with CE scaffolds (Fig. 1E) . It is unclear how the change in stiffness is related to scaffolds' 3D structure. Regions of higher stiffness may be localized in the areas where the chondroitin sulfate web inside the pores significantly stabilizes the sheet-like structures (Fig. 1A) . Although areas of lower stiffness may be found in those areas with a significant increase in pore diameter, longer sheet-like structures that surround pores are more elastic in their midareas compared with shorter ones. As previously demonstrated, low stiffness facilitates a significant upregulation in SOX9 [72] , and the region of lower stiffness in CSCL, compared with CL, may play a role in the upregulation of SOX9 observed in the present work (Fig. 5) .
Although it has been proposed that collagen type I itself induces the differentiation of osteoprogenitor cells into osteoblast-like cells [73] , no osteogenic differentiation was observed when cells were grown onto CL or CSCL in basal media, suggesting that the scaffold did not provide the minimum necessary chemical and mechanical cues for cells to undergo osteoblastogenesis. When appropriately stimulated, however, the expression of the osteogenesis-associated markers (Alp, Spp1, Bglap) was statistically significantly increased in CSCL compared with CL, thus suggesting potential use of the proposed scaffold for approaches aimed at restoring the osteochondral region of long bones or articular surfaces.
CONCLUSION
The complex interaction between biomaterials and the host cellular environment is poorly defined. The data we have presented prove that fine alterations in the physicochemical structure of biotherapeutic moieties can concurrently direct the immune system away from immunologic rejection and stimulate the body to essentially heal itself via terminal MSC differentiation toward the tissue of interest. An implantable scaffold capable of initiating regeneration while being incorporated into the tissue would avoid many of the current limitations of implanted prostheses and could represent the Holy Grail for regenerative medicine applications. The immunomodulatory strategy we propose, based on a CS-functionalized collagen scaffold, is a good example of a biomimetic material able to recapitulate the cartilage environment while reducing inflammation at the site of implant.
